Abstract: Pt/C and Pt/SnO x /C catalysts were synthesized using the polyol method. Their structure, morphology and chemical composition were studied using a scanning electron microscope equipped with an energy dispersive X-ray spectrometer, transition electron microscope and X-ray photoelectron spectroscope. Electrochemical measurements were based on the results of rotating disk electrode (RDE) experiments applied to ethanol electrooxidation. The quick evaluation of catalyst activity, electrochemical behavior, and an average number of transferred electrons were made using the RDE technique. The usage of SnO x (through the carbon support modification) in a binary system together with Pt causes a significant increase of the catalyst activity in ethanol oxidation reaction and the utilization of ethanol.
Introduction
There is increasing global interest in hydrogen/fuel cell systems for distributed power generation and transport applications. Currently, steam reforming of hydrocarbons or alcohols is used for the large-scale production of hydrogen [1] . The electrolysis of aqueous alcohols, in particular ethanol (EtOH), has been proposed as a promising method for hydrogen production on site since it has lower power consumption than water electrolysis [2, 3] . But it does have some limitations due to sluggish alcohol oxidation kinetics [4, 5] . A slow and incomplete ethanol oxidation reaction (EOR) in polymer electrolyte membrane (PEM)-based electrochemical systems is a major drawback to the commercialization of both direct ethanol fuel cells (DEFCs) and electrochemical converters [6] .
The selectivity of complete EtOH oxidation is not very important in the case of DEFCs (where power density is a more important output), but it is crucial in the case of EtOH conversion. The electrochemical conversion of EtOH in electrochemical cells with a PEM has been suggested to be a very promising approach to hydrogen generation, because the theoretical cell voltage for the electrochemical decomposition of EtOH is lower than the theoretical cell voltage for water electrolysis [2, 7] . Furthermore, because hydrogen is the main target product here, the completeness of EtOH oxidation to carbon dioxide is of great importance. [2, 7] . Furthermore, because hydrogen is the main target product here, the completeness of EtOH oxidation to carbon dioxide is of great importance.
Possible pathways of the EtOH oxidation reaction are shown in Scheme 1 [8] .
Scheme 1. Possible parallel pathways of EtOH oxidation [8] .
The so-called C1 pathway (Equation (1)) proceeds via an adsorbed carbon monoxide (COads) intermediate to afford CO2 by delivering 12 electrons. The so-called C2 pathway (Equations (2) and (3)) mainly leads to the formation of acetic acid by delivering four electrons, and/or acetaldehyde by delivering two electrons [9] . CH3CH2OH + 3 H2O → 2 CO2 + 12 H + + 12 e −
CH3CH2OH → CH3CHO + 2 e − + 2 H +
CH3CH2OH + H2O → CH3CO2H + 4 e − + 4 H +
Pure Pt, however, is not an efficient electrocatalyst for EtOH oxidation, being rapidly poisoned by strongly adsorbed species coming from EtOH dissociative adsorption [2] . Currently, bimetallic (alloyed or non-alloyed) PtRu and PtSn are regarded as some of the most efficient catalysts for the EOR because of their bifunctional mechanism [9] [10] [11] [12] [13] , where dissociative adsorption of EtOH occurs only on Pt sites and Sn (SnO2) promotes adsorption and dissociation of water to form OH oxidizing intermediates from EtOH [14] . The usage of carbon supports modified with oxophilic oxides particles (RuO2 or SnO2) helps to increase the Pt-based catalyst activity and selectivity because these SnO2 particles protect the Pt active sites from the OH species adsorption at high potentials [15] . In particular, the CO2 yield using Pt/RuSnOx/C were higher at high potentials than PtRn/C alloyed catalyst [16, 17] .
Since the efficiency of a DEFC or the electrochemical conversion in a PEM cell is proportional to the average number of electrons transferred per ethanol molecule [14] , the reaction stoichiometry is a critical factor in the development of electrochemical applications. Rotating disk electrode (RDE) voltammetry is commonly used to reduce the kinetic current limited by the mass transport [18] . This technique is commonly used as a tool to evaluate the activity of different catalysts in oxygen reduction [19] and hydrogen evolution [20] reactions.
The electrochemical activity of electrocatalysts is usually studied in a three-electrode system under steady-state conditions. However, in real electrochemical applications (fuel cells or electrochemical convertors), the alcohol is supplied to the anode electrode, that is, the system is under hydrodynamic conditions. It is thus important to take into account the effect of fuel transport to the catalyst [21] and the transfer of byproducts through the catalyst layer.
Sayadi and Pickup [22, 23] successfully implemented the RDE technique as a useful and practical method for estimating the average number of electrons transferred during the EOR under hydrodynamic conditions and for the evaluation of catalyst activity.
In the present study, Pt/C and Pt/SnOx/C catalysts with different Sn content were synthesized using the polyol method. Preliminary modification of the Vulcan XC-72 carbon support with SnOx particles was carried out. Catalysts were evaluated using various methods, including scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDS), transition electron Scheme 1. Possible parallel pathways of EtOH oxidation [8] .
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Pure Pt, however, is not an efficient electrocatalyst for EtOH oxidation, being rapidly poisoned by strongly adsorbed species coming from EtOH dissociative adsorption [2] . Currently, bimetallic (alloyed or non-alloyed) PtRu and PtSn are regarded as some of the most efficient catalysts for the EOR because of their bifunctional mechanism [9] [10] [11] [12] [13] , where dissociative adsorption of EtOH occurs only on Pt sites and Sn (SnO 2 ) promotes adsorption and dissociation of water to form OH oxidizing intermediates from EtOH [14] . The usage of carbon supports modified with oxophilic oxides particles (RuO 2 or SnO 2 ) helps to increase the Pt-based catalyst activity and selectivity because these SnO 2 particles protect the Pt active sites from the OH species adsorption at high potentials [15] . In particular, the CO 2 yield using Pt/RuSnOx/C were higher at high potentials than PtRn/C alloyed catalyst [16, 17] .
In the present study, Pt/C and Pt/SnO x /C catalysts with different Sn content were synthesized using the polyol method. Preliminary modification of the Vulcan XC-72 carbon support with SnO x particles was carried out. Catalysts were evaluated using various methods, including scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDS), transition electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and RDE voltammetry, using thick catalyst layers. The kinetics and selectivity in the EOR of the Pt/SnO x /C catalysts were studied using the Koutecky-Levich approach. Results are discussed in the following sections.
Results and Discussion

Catalyst Characterization
The elemental mapping images and the SEM images (of Pt 20 The catalyst synthesis approach that we applied affords Pt nanoparticles with average sizes of 3.6 nm and with narrow distribution [24] (as confirmed by TEM images below). Data presented in Figure 1 suggest that, generally, Pt and SnO x particles formed clusters, enabling bifunctional catalysis [25, 26] and the porous structure of the catalysts prepared. The Pt distribution becomes less uniform with increasing Sn content, possibly due to the larger size and more agglomerated structure of nanoparticles.
Catalysts 2019, 9, x FOR PEER REVIEW 3 of 15 microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and RDE voltammetry, using thick catalyst layers. The kinetics and selectivity in the EOR of the Pt/SnOx/C catalysts were studied using the Koutecky-Levich approach. Results are discussed in the following sections.
Results and Discussion
Catalyst Characterization
The elemental mapping images and the SEM images (of Pt 20 /C (A,B), Pt 20 /SnOx 8 /C (C-E) and Pt 20 /SnOx 12 /C (F-H) catalysts are shown in Figure 1 . Pt and Sn are evident and well distributed on the carbon support surface. The catalyst synthesis approach that we applied affords Pt nanoparticles with average sizes of 3.6 nm and with narrow distribution [24] (as confirmed by TEM images below). Data presented in Figure 1 suggest that, generally, Pt and SnOx particles formed clusters, enabling bifunctional catalysis [25, 26] and the porous structure of the catalysts prepared. The Pt distribution becomes less uniform with increasing Sn content, possibly due to the larger size and more agglomerated structure of nanoparticles. The actual Sn content of all catalysts was confirmed by EDS measurements. Data are tabulated in Table 1 . Electrocatalyst morphology and particle size distribution were further characterized by TEM. As can be seen in Figure 2 , a uniform dispersion of relatively small particles on the carbon black was accomplished for all synthesized electrocatalyst compositions. The actual Sn content of all catalysts was confirmed by EDS measurements. Data are tabulated in Table 1 . Electrocatalyst morphology and particle size distribution were further characterized by TEM. As can be seen in Figure 2 , a uniform dispersion of relatively small particles on the carbon black was accomplished for all synthesized electrocatalyst compositions. The associated histograms in Figure 2 , suggesting the round shape of nanoparticles, reveal a narrow particle size distribution with a very similar mean particle size. More than 95% of all Pt/C particles are between 2.5 and 4.5 nm, and for Pt 20 Figure 2 . However, the structure of Pt 20 /SnOx 8 /C and Pt 20 /SnOx 12 /C catalysts seem to be strongly agglomerated in comparison with that of Pt 20 /C. This could be described by the reduced number of active sites for Pt nanoparticles nucleation and further particle merging, or by the Pt selective deposition onto or near the metal oxide phase in the composite support [27, 28] .
The XPS spectra of Pt and Sn atoms in the corresponding catalysts are presented in Figure 3 . For all catalysts, spectra exhibited intense doublets at particular same binding energy of ca. 71.2 and ca. 74.5 that are assigned to Pt(4f7/2) and Pt(4f5/2) suggesting zero-valent state of Pt [29] . The Sn 3d5/2 spectrum can be deconvoluted into two peaks attributed to Sn(0) at 485.4 eV and Sn(IV) at 487.1 eV [30] [31] [32] . It can be observed that Sn is mostly in its oxidized state for both Pt 20 /SnOx 8 /C and Pt 20 /SnOx 12 /C catalysts (89%-93%). It must be mentioned that these results are applicable to the catalyst surface. The bulk content of SnO2 could be lower, because metallic Sn has a strong tendency to be re-oxidized after being exposed to air. The associated histograms in Figure 2 , suggesting the round shape of nanoparticles, reveal a narrow particle size distribution with a very similar mean particle size. More than 95% of all Pt/C particles are between 2.5 and 4.5 nm, and for Pt 20 catalysts seem to be strongly agglomerated in comparison with that of Pt 20 /C. This could be described by the reduced number of active sites for Pt nanoparticles nucleation and further particle merging, or by the Pt selective deposition onto or near the metal oxide phase in the composite support [27, 28] . The XPS spectra of Pt and Sn atoms in the corresponding catalysts are presented in Figure 3 . For all catalysts, spectra exhibited intense doublets at particular same binding energy of ca. 71.2 and ca. 74.5 that are assigned to Pt(4f 7/2 ) and Pt(4f 5/2 ) suggesting zero-valent state of Pt [29] . The Sn 3d 5/2 spectrum can be deconvoluted into two peaks attributed to Sn(0) at 485.4 eV and Sn(IV) at 487.1 eV [30] [31] [32] . It can be observed that Sn is mostly in its oxidized state for both Pt 20 /SnO x 8 /C and Pt 20 /SnO x 12 /C catalysts (89-93%). It must be mentioned that these results are applicable to the catalyst surface. The bulk content of SnO 2 could be lower, because metallic Sn has a strong tendency to be re-oxidized after being exposed to air. The associated histograms in Figure 2 , suggesting the round shape of nanoparticles, reveal a narrow particle size distribution with a very similar mean particle size. More than 95% of all Pt/C particles are between 2.5 and 4.5 nm, and for Pt 20 Figure 2 . However, the structure of Pt 20 /SnOx 8 /C and Pt 20 /SnOx 12 /C catalysts seem to be strongly agglomerated in comparison with that of Pt 20 /C. This could be described by the reduced number of active sites for Pt nanoparticles nucleation and further particle merging, or by the Pt selective deposition onto or near the metal oxide phase in the composite support [27, 28] .
The XPS spectra of Pt and Sn atoms in the corresponding catalysts are presented in Figure 3 . For all catalysts, spectra exhibited intense doublets at particular same binding energy of ca. 71.2 and ca. 74.5 that are assigned to Pt(4f7/2) and Pt(4f5/2) suggesting zero-valent state of Pt [29] . The Sn 3d5/2 spectrum can be deconvoluted into two peaks attributed to Sn(0) at 485.4 eV and Sn(IV) at 487.1 eV [30] [31] [32] . It can be observed that Sn is mostly in its oxidized state for both Pt 20 /SnOx 8 /C and Pt 20 /SnOx 12 /C catalysts (89%-93%). It must be mentioned that these results are applicable to the catalyst surface. The bulk content of SnO2 could be lower, because metallic Sn has a strong tendency to be re-oxidized after being exposed to air. 
Electrochemical Measurements
According to cyclic voltammograms (CVs) (Figure 4 ), all catalysts show well-defined hydrogen adsorption/desorption peaks in the potential region 0.05-0.40 V (vs. SHE-standard hydrogen electrode), and the oxygen adsorption/desorption peaks at about 0.8 and 1.0 V (vs. SHE), specific for Pt-based catalysts [19] . However, a hydrogen adsorption and desorption potential region was inhibited by the presence of Sn in the electrocatalyst. A suppression of currents in this region can be explained by the blockage of Pt adsorption sites [33] . The shape of the CVs is characterized by an increased current in the double layer region between 0.4 and 0.8 V, providing evidence of the existence of Sn species [34] . This could be ascribed to the activation of water on the Sn and SnO 2 species [12, 35] . The small peaks that appear around 0.55 and 0.70 V may be attributed to the adsorption/desorption of oxygen-containing species, coming from the dissociation of water on the Sn oxide [26, 35, 36] .
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Actually, the maximum surface oxide coverage of the Pt electrode is achieved at ca. 1.05 V, suppressing the first oxidation wave [39] . In the reverse potential scan, the adsorbed oxide layer is stripped. The second wave during the positive scan may coincide with the dominated acetic acid [40, 41] formation and to the formation of more electroactive surface oxides [42] . Pt 20 /SnO x /C catalysts demonstrated higher activity than Pt/C due to the higher currents at potentials > 0.8 V. The hydrogen adsorption/desorption regions are less pronounced in the case of Pt/C due to the stronger poisoning of Pt active sites in EtOH solution. Figure 5 shows that the catalyst activity in the EOR increases with increasing Sn content. A further increase in the Sn content leads to a significant decrease in the carbon content, poorer Pt nanoparticle distribution, and extremely low EASA of catalyst, which manifested in lower activity. suppressing the first oxidation wave [39] . In the reverse potential scan, the adsorbed oxide layer is stripped. The second wave during the positive scan may coincide with the dominated acetic acid [40, 41] formation and to the formation of more electroactive surface oxides [42] . Pt 20 /SnOx/C catalysts demonstrated higher activity than Pt/C due to the higher currents at potentials > 0.8 V. The hydrogen adsorption/desorption regions are less pronounced in the case of Pt/C due to the stronger poisoning of Pt active sites in EtOH solution. Figure 5 shows that the catalyst activity in the EOR increases with increasing Sn content. A further increase in the Sn content leads to a significant decrease in the carbon content, poorer Pt nanoparticle distribution, and extremely low EASA of catalyst, which manifested in lower activity. As it is difficult to achieve the mass transport limited plateau due to the formation of an oxide layer on the Pt surface starting at ca. 0.7-0.8 V, which hinders further EtOH adsorption [22] , measurements at constant potentials (0.6-0.9 V vs SHE) were performed at different electrode rotation speeds. The Koutecky-Levich equation (Equation (4)) was used to estimate the kinetic and mass transport components of the currents measured. For example, the results of potentiostatic measurements at different Pt/C electrode rotation speed at 0.7 V, and the respective Koutecky-Levich plots obtained from this experiment are shown on Figure 6 .
where i (mA) is the measured current, ik (mA) is the kinetic current, nav is the average number of electrons transferred per EtOH molecule, F (C mole −1 ) is the Faraday constant, A (cm 2 ) is the electrode surface area, D (cm 2 s −1 ) is the diffusion coefficient (a value of 1.22·10 −5 cm 2 s −1 for aqueous EtOH at 25 °C was taken from literature [22] ), v (cm 2 s −1 ) is the kinematic viscosity (taken equal to 1.0·10 −2 cm 2 s −1 according to the [22] ), C (mole L −1 ) is the EtOH concentration, and ω (s −1 ) is the electrode angular velocity. As it is difficult to achieve the mass transport limited plateau due to the formation of an oxide layer on the Pt surface starting at ca. 0.7-0.8 V, which hinders further EtOH adsorption [22] , measurements at constant potentials (0.6-0.9 V vs. SHE) were performed at different electrode rotation speeds. The Koutecky-Levich equation (Equation (4)) was used to estimate the kinetic and mass transport components of the currents measured. For example, the results of potentiostatic measurements at different Pt/C electrode rotation speed at 0.7 V, and the respective Koutecky-Levich plots obtained from this experiment are shown on Figure 6 .
where i (mA) is the measured current, i k (mA) is the kinetic current, n av is the average number of electrons transferred per EtOH molecule, F (C mole −1 ) is the Faraday constant, A (cm 2 ) is the electrode surface area, D (cm 2 s −1 ) is the diffusion coefficient (a value of 1.22·10 −5 cm 2 s −1 for aqueous EtOH at 25 • C was taken from literature [22] ), v (cm 2 s −1 ) is the kinematic viscosity (taken equal to 1.0·10 −2 cm 2 s −1 according to the [22] ), C (mole L −1 ) is the EtOH concentration, and ω (s −1 ) is the electrode angular velocity. At potentials from 0.6 to 0.9 V, all Koutecky-Levich plots showed linear behavior allowing extraction of the transferred electrons number and kinetic current. However, the curves corresponding to the different voltages are not parallel, indicating that nav is potential dependent. At lower potentials (< 0.6 V), non-linear behavior of Koutecky-Levich plots was observed. This could be explained by the catalyst surface poisoning by acetaldehyde [22] , taking into account that the acetaldehyde is expected to be the major product at low potentials. This suggestion is supported by the nav values (at 0.6 V) increasing for the SnOx modified catalysts due to the promoted acetaldehyde oxidation on their surface, as discussed below.
The kinetic currents for the catalysts are presented as Tafel plots in Figure 7A ,B. The slope of 619 mV decade −1 for Pt/C is in good agreement with electrodes that have high mass loading (high catalyst layer thickness) [22] . It is, however, significantly higher than other values reported in literature (132-310 mV) for carbon supported Pt [43] [44] [45] [46] .
According to Bach Delpeuch et al. [44] , the EOR Tafel slope on Pt-Rh-SnO2/C of ca. 420 mV decade −1 , compared with Tafel slopes on Pt/C and Pt-Rh/C, which have values of about 160 mV decade −1 and 170-180 mV decade −1 , respectively, indicates that the rate-determining step of the EOR differs for Pt-Rh-SnO2/C and involves the cleavage of the C-C bond. The Tafel slope of the EOR decreased slightly when the SnOx content increased. The same phenomenon is described by Kuriganova et al. [43] . It should be noted, however, that different Tafel slopes could be obtained depending on the product distribution under specific conditions.
The addition of SnO2 provided larger kinetic current of EtOH oxidation at 0.6-0.9 V ( Figure 7A ): up to two-times larger for Pt 20 At potentials from 0.6 to 0.9 V, all Koutecky-Levich plots showed linear behavior allowing extraction of the transferred electrons number and kinetic current. However, the curves corresponding to the different voltages are not parallel, indicating that n av is potential dependent. At lower potentials (<0.6 V), non-linear behavior of Koutecky-Levich plots was observed. This could be explained by the catalyst surface poisoning by acetaldehyde [22] , taking into account that the acetaldehyde is expected to be the major product at low potentials. This suggestion is supported by the n av values (at 0.6 V) increasing for the SnO x modified catalysts due to the promoted acetaldehyde oxidation on their surface, as discussed below.
According to Bach Delpeuch et al. [44] , the EOR Tafel slope on Pt-Rh-SnO 2 /C of ca. 420 mV decade −1 , compared with Tafel slopes on Pt/C and Pt-Rh/C, which have values of about 160 mV decade −1 and 170-180 mV decade −1 , respectively, indicates that the rate-determining step of the EOR differs for Pt-Rh-SnO 2 /C and involves the cleavage of the C-C bond. The Tafel slope of the EOR decreased slightly when the SnO x content increased. The same phenomenon is described by Kuriganova et al. [43] . It should be noted, however, that different Tafel slopes could be obtained depending on the product distribution under specific conditions. The addition of SnO 2 provided larger kinetic current of EtOH oxidation at 0.6-0.9 V ( Figure 7A ): up to two-times larger for Pt 20 Figure 7C shows an average number of transferred electrons plotted vs the potential. At low potentials (< 0.8 V), we observe an unreasonably low nav (< 2) (2 transferred electrons correspond to the complete conversion of EtOH to acetaldehyde (refer to Scheme 1)). This low value could be explained by the enhanced convective diffusion of acetaldehyde away from the disk electrode with an increase in rotation rate, leading to the underestimated nav value [22] . The following increase of nav at higher potentials (> 0.8 V) is in a good agreement with results of Sayadi and Pickup [22] for the Pt 20 /C catalyst.
The SnOx provided the nav increasing by 0.35-0.60 in the full potential range being studied. This could be related to the higher activity in both CO2 or acetic acid yield. Similar behavior of the plots in Figure 7B suggests that the same EOR mechanism applies for both the Pt 20 /C and Pt 20 /SnOx/C catalysts. According to literature [6, 25, 47] , SnOx can provide adsorbed OH (OHads) species from water dissociation to remove the strongly adsorbed intermediate products at adjacent Pt active sites in accordance with the bifunctional mechanism. OHads species enhanced the further oxidation of chemisorbed COads intermediates (product of C-C bond splitting together with CHx compounds) to CO2 [25] . However, the addition of Sn (SnO2) to Pt tends to promote the partial oxidation of acetaldehyde to acetic acid and does not specifically enhance C-C bond cleavage during the EOR [9, [47] [48] [49] . DFT calculations [50] have shown that the formation of OH species on the Pt surface leads to a significantly increased reaction barrier for C-C bond cleavage and consequently inhibits COads formation and CO2 production. At high potentials (0.8-0.9 V) the nav is close to four, which could correspond to the near-complete EtOH oxidation to acetic acid (refer to Scheme 1). However, the apparent nav value could not be used as a measure of any catalyst selectivity towards CO2 or other products. Even according to the simplified EtOH oxidation pathways (Scheme 1), we should determine the nav according to Equation (5): Figure 7C shows an average number of transferred electrons plotted vs. the potential. At low potentials (<0.8 V), we observe an unreasonably low n av (<2) (2 transferred electrons correspond to the complete conversion of EtOH to acetaldehyde (refer to Scheme 1)). This low value could be explained by the enhanced convective diffusion of acetaldehyde away from the disk electrode with an increase in rotation rate, leading to the underestimated n av value [22] . The following increase of n av at higher potentials (>0.8 V) is in a good agreement with results of Sayadi and Pickup [22] for the Pt 20 /C catalyst.
The SnO x provided the n av increasing by 0.35-0.60 in the full potential range being studied. This could be related to the higher activity in both CO 2 or acetic acid yield. Similar behavior of the plots in Figure 7B suggests that the same EOR mechanism applies for both the Pt 20 /C and Pt 20 /SnO x /C catalysts. According to literature [6, 25, 47] , SnO x can provide adsorbed OH (OH ads ) species from water dissociation to remove the strongly adsorbed intermediate products at adjacent Pt active sites in accordance with the bifunctional mechanism. OH ads species enhanced the further oxidation of chemisorbed CO ads intermediates (product of C-C bond splitting together with CH x compounds) to CO 2 [25] . However, the addition of Sn (SnO 2 ) to Pt tends to promote the partial oxidation of acetaldehyde to acetic acid and does not specifically enhance C-C bond cleavage during the EOR [9, [47] [48] [49] . DFT calculations [50] have shown that the formation of OH species on the Pt surface leads to a significantly increased reaction barrier for C-C bond cleavage and consequently inhibits CO ads formation and CO 2 production. At high potentials (0.8-0.9 V) the n av is close to four, which could correspond to the near-complete EtOH oxidation to acetic acid (refer to Scheme 1). However, the apparent n av value could not be used as a measure of any catalyst selectivity towards CO 2 or other products. Even according to the simplified EtOH oxidation pathways (Scheme 1), we should determine the n av according to Equation (5):
where n av is the average number of electrons transferred per EtOH molecule; and n i is the is the number of electrons transferred to form product i and f i is the fraction of ethanol converted to product i. The apparent value of n av could come from different combinations of products and their yields (f i and n i ), depending on mechanism pathways, catalyst surface structure, and experimental conditions [5, 9, [51] [52] [53] . Thus, the entire understanding of reaction mechanism on synthesized catalysts is possible only when using a full product analysis approach. It should be noted that the RDE technique that we used is not sufficiently accurate at potentials < 0.5 V (as mentioned above); hence, it is difficult to discuss the CO 2 catalyst selectivity because the CO 2 is preferably produced on Pt at low potentials [6] . Furthermore, the experimental conditions should be taken into account. Here, for example, the temperature increase up to 90 • C could increase the CO 2 yield [54] . Moreover, according to Camara and Iwasita, CO 2 evolution is more pronounced at low EtOH concentrations (<0.1 M), with negligible acetaldehyde [8] . Recently, an effective PEM-based cell approach was established [55] [56] [57] , which enables one to accurately determine the n av and stoichiometry of the EOR using the PEM electrolysis cell operated in crossover mode. The thick-film RDE technique that we used, and describe here, could nonetheless be used as an approach for quick catalyst screening.
Materials and Methods
Pt/SnO x /C Catalyst Synthesis
The following procedure was followed to prepare the Pt/SnO x /C catalysts. First, the carbon support Vulcan XC-72 (Cabot, Boston, MA, USA) was modified with SnO x . Second, a three-neck flask with ethylene glycol (EG) was charged with a calculated amount of SnCl 2 *2H 2 O dissolved in EG and a small volume of deionized (DI) water. The reaction mixture was refluxed for 3 h at 190 • C under constant magnetic stirring until the color of the solution changed to slightly yellow. The obtained colloidal SnO x particles were cooled to room temperature (rt). A calculated amount of the support (Vulcan XC-72), DI water, and isopropyl alcohol were mixed together and then added dropwise to the preheated (to 50 • C) colloidal SnO x particles under magnetic stirring. Adsorption of the SnO x particles onto the support surface was carried out over a period of for 48 h at rt, under constant magnetic stirring.
Preparation of the Pt electrocatalyst on a carbon support was carried out using the polyol synthesis procedure. An aqueous solution of H 2 PtCl 6 *2H 2 O was used as Pt particles precursor. The solution was added dropwise to an EG solution of the carbon support, under magnetic stirring. The reaction was carried out at rt for 30 min under an Ar atmosphere. The temperature was then gradually increased (at a rate of 1 • C min −1 ) to 75 • C and the precursor adsorption was carried out over 2 h. Thereafter, the temperature was rapidly increased to 180 • C and the Pt reduction was carried out for 1 h. The suspension was then cooled to rt and the pH was decreased to 6, using an HCl solution. Finally, the catalyst powder was filtered and washed with DI water at least three times. The resulting catalyst was dried at 70 • C overnight. The Pt content of all the catalysts was 20 wt. %.
Electrode Preparation
Thick catalyst films on a polished glassy carbon disk electrode (0.196 cm 2 ; Pine Instruments, Durham, NC, USA) were prepared by dropping catalyst ink with an Eppendorf micropipette (catalyst loading 3 mg cm −2 ). The specified catalyst loading is given without the inclusion of Nafion, used as a binder, which was 30 wt. % of the specified catalyst weight Catalyst inks were prepared by ultrasound treatment. First, a mixture consisting of the weighted amount of catalyst powder in DI water was treated in an ultrasound bath for 1 h. This was followed by the addition of 10% Nafion solution (Ion Power, Navarre, FL, USA) and further ultrasonication for 10 min (finally, the catalyst amount was ca. 30 mg mL −1 ). Each catalyst layer was dried at 40 • C.
Rather high catalyst loadings are required to obtain meaningful results due to the possible fast transport of EOR products away from the electrode at low catalyst layer thickness [22] . Thus, in our work described here, a catalyst loading of 3 mg cm −2 was used. A higher catalyst loading was unachieved due to the lower mechanical stability of the catalyst layer.
Electrochemical Measurements
Electrochemical experiments were performed at 25 • C in a three-electrode glass cell (Pine Instruments) equipped with a polished glassy carbon working electrode, a Pt wire counter electrode (Pine Instruments) placed in a fritted glass tube, and Ag/AgCl/sat. KCl reference electrode (Pine Instruments) connected to the electrochemical cell by a Luggin capillary. A SP-150 potentiostat (BioLogic, Seyssinet-Pariset, France) and MSR rotator (Pine Instruments) were used at HySA Infrastructure facilities in South Africa. All potentials are given relative to the SHE. All EtOH oxidation experiments were carried out in 0.1 M EtOH solutions (Ar purged) with 0.5 M H 2 SO 4 as the supporting electrolyte.
The electrode was activated in an Ar saturated 0.5 M H 2 SO 4 solution at a potential range of 0.05-1.40 V for about 25-30 cycles at a 50 mV/s sweep rate until a stable CV was obtained. CVs at 20 mV/s at potentials ranging from 0.05 to 1.20 V were then recorded to determine the catalyst behavior. These CV curves were also used to determine the EASA of the catalysts from the integrated charge in the H 2 desorption region (0.05-0.40 V vs. RHE, a reversible hydrogen electrode). Pt surface areas were determined by cyclic voltammetry (see Section 2.2) in 0.5 M H 2 SO 4 at 20 mV/s sweep rate. The EASA value (m 2 g −1 Pt) could be calculated as follows:
where Q H (mQ cm −2 ) represents the H 2 desorption charge, m Pt (mg cm −2 ) is the Pt loading, and Q 0 is the charge required to oxidize the monolayer of hydrogen on a Pt surface [37] .
Catalysts Structure and Morphology Characterization
A scanning electron microscope equipped with an energy dispersive X-ray spectrometer was used to perform the surface chemical characterization of samples. A FEG Quanta 250 SEM instrument (FEI, Netherlands) incorporating an Oxford X-map EDS system, operating at 15 kV and a working distance of 10 mm, was used. Samples were mounted onto aluminum stubs using adhesive tape prior to SEM-EDS analysis procedures. These samples were left uncoated. Transmission electron microscopy was performed using Titan TM 80-300 S/TEM (FEI, Hillsboro, OR, USA). Samples were prepared by ultrasonic treatment of catalyst in EtOH for 12 min followed by pipetting the mixture onto a Lacey (thin, X-ray amorphous) carbon film supported on a copper grid. The XPS study of catalysts were performed on a PHOIBOS 150 (Berlin, Germany) hemispherical analyzer (Al Kα radiation) with 1486.61 eV photon energy at ∆E = 0.2 eV.
Conclusions
The thick-film RDE technique (first proposed by Sayadi and Pickup in 2016 [22] ) is suitable for the evaluation of Pt/SnO x /C supported catalysts activity in the EOR and for evaluating the reaction selectivity in the high potential region. This is a hydrodynamic method which mimics the DEFC and electrochemical EtOH converter anode working conditions (including high thickness of the catalytic layer), and it could be used for quick EOR catalyst activity evaluation. According to our results, the SnO x addition could increase the efficiency of EtOH consumption in a DEFC or EtOH electrochemical converter through a high yield of acetic acid providing a significantly higher (3.3 times higher current at 0.8 V in comparison with Pt/C) kinetic current and increased average number of electrons (by 0.35-0.60) transferred in full potential range being studied. Considerable activity growth was achieved despite the certain Pt EASA reduction with increasing SnO x content. Large CO 2 selectivity of a Pt-based catalyst could be achieved through the rational design of catalyst that takes into account not only the usage of the OH ads , providing component (SnO x ), but also a suitable catalyst surface composition, and suitable surface sites for C-C bond cleavage (which could be provided, for example, by using the Rh as the third catalyst component).
